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It has long been known that microrganisms  are able to  acquire the ability 
to metabolize substances upon which they are initially inactive, after exposure 
to or growth in the presence of these substances.  A  classical instance of this 
phenomenon of "adaptation" is the adaptive fermentation of  galactose by a 
number of strains of domestic yeast.  A rational solution to one of the most 
controversial issues in this field was furnished bythe work of Spiegelman (1--4), 
and it is now clear that adaptation in the case of yeast may occur through  a 
biochemical and physiological transformation which is independent of growth, 
mutation, or selection, and which most probably consists in  the formation of 
one or more new enzymes essential to the fermentation. 
In studying adaptation, we are probably observing two processes: formation 
of new enzymes, and  accumulation  of  intermediates  (some of which may be 
common to the fermentation of all carbohydrates) to levels at which the activity 
of the new enzymes can be detected. 
If  both  phases  occur,  the  presence  of  non-specific  intermediates  should 
shorten the time required to detect fermentation (apparent  adaptation time); 
but there should be an irreducible minimum time (true adaptation time) which 
is not affected by such intermediates.  No minimum would occur if adaptation 
were merely an induction process such as is observed when glucose is fermented 
by dried yeast. 
In some of the studies reported below, pyruvic acid was added to the yeast 
and galactose during adaptation, since it is a major intermediate of fermentation 
according to the classical Meyerhof scheme (8) and might be expected to affect 
any phase of the process at which pyruvate concentration is the limiting factor. 
Other  experiments are  concerned with  phosphorylated compounds  as  in- 
dicators of the processes going on during adaptation, with the effects of adding 
phosphate donors and acceptors, and with the production by adapting yeast 
of compounds which affect adaptation. 
Materials  and Metkods 
The  yeast  used  was  a  laboratory strain  of Saccharorayces carlsbergensis kindly 
furnished  by Dr. S. Spiegelman.  It was grown at 28.50C. in peptone-yeast extract 
* It is a pleasure to thank Professor M. B. Visscher and Professor H.  G. Wood for 
their  generous  support  and  encouragement of  this  work,  and  for  much  helpful 
discussion. 
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broth  containing 8 per cent glucose.  48  hour cultures were used for experiments. 
The cells were harvested and washed free of medium on the centrifuge,  then sus- 
pended in v/15 KHtPO~ or water.  In this strain fermentation normally begins to 
appear after 90 minutes of aerobic exposure  to the substrate (Fig.  1). 
Galactose (I)ifco) was further purified  by the method of Stephenson  and Yudkin 
(5) to remove contaminating fermentable sugars,  and by two recrystallizations from 
70 per cent ethyl alcohol in the cold, as described  by Spiegelman  (3). 
In studies of gas production, aliquots  of the suspension  of washed  cells were dis- 
tributed to standard Warburg reaction vessels of about 20 ml.  capacity.  Substrate 
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FIG. 1.  Variation of R. Q.  during  adaptation. 
was tipped from the side-arms after equilibration  in the bath, usually giving a final 
concentration of from 2  to 4 per cent galactose.  Bath temperature was 30.2°C. 
Oxygen consumption and COl production were measured  by the direct method of 
Warburg (6).  The excess of COt over Ot was taken as a measure of fermentation rate, 
assuming the customary conversion of a mole of hexose into two moles of alcohol and 
two moles of COt. 
Inorganic phosphate and various phosphate esters were determined by the method 
of Lohm~nu and Jendmssik (7) upon the suspension  medium or upon trichloracetic 
acid  extracts of the  cell suspension  or of the cells alone. 
Pyruric Acid 
We have shown  that  adaptive fermentation of galactose  (not adaptation) 
is inhibited by fluoride (9).  If this is due to inhibition of enolase, we  would 
expect that utilization  of exogenous pyruvate could still occur  (8). 30H~ M. P~n~mR  357 
It was found that added pyruvate not only neutralized the fluoride inhibition 
of adaptation, but that it also appeared to shorten the time of adaptation, a 
definite upswing  of respiratory quotient now  occurring  between 60  and 90 
minutes as a  rule.  If pyruvate was added without fluoride,  the same effects 
occurred, but were even more marked. 
It was supposed that the findings might be due simply to decarboxylation of 
pyruvate itself, without  ~  any relation to the adaptive process.  Accordingly, 
pyruvate was added as the sole substrate, with and without fluoride.  Despite 
a vigorous oxidation of pymvate, no evidence was ever obtained that intact 
yeast cells can appreciably decarboxylate or ferment pyruvate in the absence 
of another substrate.  This result,  of course,  wa~ to be  expected if decar- 
boxylation of pyruvate is an equilibrium reaction, since the reduction of the 
resulting acetaldehyde  to alcohol could Occur  only in the presence of an adequate 
TABLE I 
E~er,  t of Pyruoate on Adaptation and Fluoride Inhibitlon 
Galactose .............................. 
Galactose and NaF ..................... 
Galactose, NaF,  pyruvate ................ 
Galactose and pyruvate .................. 
Pyruvate .............................. 
Pyruvate  and NaF ...................... 
02 
m 
mlcrol@l 
781 
528 
799 
786 
656 
861 
0-90 min. 
[ Excess COs 
--i- 
t  I  microlitres 
--114 
--  120 
102 
119 
--2 
22 
90-180 mln. 
Os  Excess  COs 
mlcroliJres  m,~'rol~res 
921  296 
628  36 
929  579 
867  676 
462  45 
975  82 
supply of hydrogen donor.  This is furnished, in the alcoholic fermentation of 
glucose, by triose phosphate, which is concurrently oxidized to phosphoglyceric 
acid.  Wetzel (10) showed that acetaldehyde inhibits yeast carboxylase.  The 
non-fermentability of  pyruvate by living yeast has been  demonstrated for 
several strains of yeast by Runnstr6m and Sperber  (11). 
The results of the above described experiments are summarized in the record 
of a typical experiment, given in Table I.  The pyruvic acid was purified by 
the distillation of the purest obtainable commercial product (Eastman), which 
was then diluted and neutralized in the cold to pH 4.5.  The final concentra- 
tion of pyruvate in the reaction vessels was 0.05 M. 
The apparent small decarboxylation of pyruvate alone is  not significant, 
since the theoretical respiratory quotient for complete oxidation is 1.2. Py- 
ruvate in  the presence  of galactose not only restores the fluoride-inhibited 
respiration of 528 to the normal level (799 as compared with 781 for the control); 
it doubles  the postadaptive output of excess CO2  (579 against 296).  The 
effect on time of adaptation is evinced in the increase  of over 200 microlitres 358  METABOLIC  INTERMEDIATES  IN  FERMENTATION 
(119 against -114) in the excess CO~ from 0 to 90 minutes when galactose plus 
pyruvate is compared to galactose without pyruvate. 
The failure of pyruvate to be decarboxylated in the absence of a  hexose is 
not due primarily to the aerobic  conditions, as was shown by an anaerobic 
experiment.  Ignoring a  correction  for the endogenous  CO9. production, we 
found 165 microlitres produced during a period of 3 hours, with a rate declining 
steadily to  the endogenous level, and reaching  it after  about  100 minutes. 
The gas is equivalent to the decarboxylation of about 7.5  micromoles of py- 
ruvate, of which about 6 fall in the first 75 minutes of the experiment.  This 
compares with 100 micromoles added.  This  experiment  gave the maximum 
rate of CO2 production from pyruvate which was observed  in a number of tests, 
the others falling considerably  lower. 
The exact numerical relations naturally vary somewhat with the sample of 
yeast, and a  good deal more with the previous treatment of  the yeast.  To 
illustrate the latter point, we append an experiment with dissimilated yeast 
TABLE II 
Effect of Pyru~ate on Adaptation in Starved  Yeast 
Galactosc  ............................... 
Pymvate  ............................... 
Galactose  and  pymvate  ................... 
0--90 rain. 
Os  Excess COs 
miuolilres  mlcrolitres 
265  1 
670  8 
676  23 
90-180 rain. 
O~  Excess C02 
mi~rolltre$  raicroli:res 
1191  259 
260  -- 163 
1269  1181 
(aerated 3 hours in buffer at 30°), in which the effect of pyruvate on adaptation 
time, while  detectable, is considerably smaller  (Table  II). 
All these effects are reasonable if pyruvate is acting as a source of acetalde- 
hyde; i.e., of a potential hydrogen acceptor which is converted to alcohol as 
soon as a suitably linked hydrogen donor becomes available from galactose. 
The apparent diminution of adaptation time by added pyruvate, interpreted 
in this light, suggested that perhaps the enzyme-synthesizing phase of adapta- 
tion is generally complete earlier than 90 minutes, and that the remaining time 
is required in raising the rate of pyruvate production to a level at which de- 
carboxylation would become  large  enough to  be  detected  manometrically. 
This is particularly plausible since pyruvate is rapidly oxidized by the yeast, so 
that competition between oxidation and decarboxylation  would be serious at a 
low rate of pyruvate production. 
Accordingly, we tried the effect of adding the pyruvate  from a side-arm of the 
reaction vessel 45 minutes after the addition of galactose from the other side- 
arm.  The prompt jump of CO2 output to exceed 02 consumption is indicated 
in  Fig.  2. 3OHN M. m~C~R  359 
An experiment was then set up which was designed to narrow down the time 
relations somewhat further, and to eliminate if possible the question of the 
rate of diffusion of pyruvate or galactose into the cells as limiting factor.  In 
this experiment both pyruvate and galactose were added at several different 
times, so that the addition of galactose sometimes preceded and sometimes 
followed that of pymvate.  The results are summarized in Table III, which 
3"001  0  Control 
E)  Pyruvote  added  at  45' 
P-O0~ 
6 
1.0 
30  60  90  120  150  180 
Time  in  MInutee 
1~o. 2. Pyruvate and adaptation. 
TABLE m 
£~ect  of  Time  and  Order  of  Pyrm~ and  Galactose  Addit~n on  Ada 
F.a~  rlment No  ....  !  2  3 
__m 
Time of addition of substmte 
Galactose, min..  0  0  0 
Pymvate, rain..  0  30  60 
Adaptation time, min ....  50-75  75  60 
~gation Time 
4  5 
3o  5o 
0  0 
90  90-105 
; 
gives the time at which each addition was made and the time at which adap- 
tation occurred, as measured by the rise of the respiratory quotient above 1. 
In view of ,Experiment 3, an appreciable diffusion time for pyruvate can be 
ruled out.  Since the resulting rise in CO2 production was measured at the 
next 15 minute reading, or 75 minutes, the maximum time the pyruvate could 
have taken to become effective is 15 minutes, and almost certainly a good deal 
less.  If we allow a maximum of 15 minutes for pyruvate diffusion, we must 
regard 30 to 45 minutes as the minimum time for galactose to exert its own 
effect, according to Experiments 1 and 2.  The maximum time range would be 
45 to 75 minutes.  The time for galactose effectiveness indicated by Experio 
ments 4  and 5 is 30 to 60 minutes.  The agreement between the results of 360  METABOLIC  INTERMEDIATES  IN  ~'ERMENTATION 
Experiments 1, 2, and 3, in which rate of galactose diffusion is not a limiting 
factor, and Experiments 4 and 5, in which rate of pyruvate diffusion is not a 
limiting factor, is satisfying, although the estimate of the time at which the 
enzyme-forming part  of  the  adaptive  process  has  been  completed  remains 
rather rough.  But it is evidently not earlier than 30 nor later  than 75 minutes 
after the addition of galactose, and probably lies usually in the narrower range 
from 45 to 60 minutes. 
It is interesting to note that the time at which the first (enzyme-forming) 
phase of adaptation finishes is the same as the time which marks the minimum 
of the R. Q.-time curve of Fig. 1. 
Phosphorylated  Intermediates 
A few experiments have been performed to  determine some of the phos- 
phorylated compounds which arise during adaptation in  the hope  that  they 
TABLE IV 
Phosphate Changes during Adap:a~ion 
Time  Inorganic P  Alkaline Is labile P  ATP 
rain. 
o 
3o 
6o 
9o 
12o 
m~roframs 
121 
159 
231 
121 
11 
m/crograms 
286 
11 
0 
292 
346 
~ograms 
83 
182 
352 
0 
116 
would indicate something of the mechanism, or throw further light on the time 
relations. 
For the direct determln~tion  of phosphate esters,  the usual procedure was to in- 
cubate 15 nd. of yeast suspension and 7 ml. of 16 per cent galactose in a large Erlen- 
meyer flask (with shaking at 30.2°C.), taking at intervals 4 ml. samples, which were 
added to 3 ml. of 10 per cent trichloracetic acid in a calibrated tube.  Water was 
added to bring the volume to 10 mL  After allowing the tube to stand for 20 minutes 
at room temperature, the cells were removed by centrifugation.  Subsequently  1 ml. 
aliquots of the supernatant were analyzed for phosphate in the usual  manner.  To 
determine phosphopyruvic acid (PPA), the alkaline iodine hydrolysis of Lohmann and 
Meyerhof (12) was employed;  this, however,  may also hydrolyze part of the triose 
phosphate.  Another set of aliquots  was hydrolyzed for 60 minutes at 100°C. in 1 N 
HC1 in tubes equipped  with air condensers.  Inorganic phosphate was  also  deter- 
mined.  The 60 minute hydrolyzable  fraction usually contains chiefly phosphopyruvic 
acid  and  adenosine  triphosphate  (ATP).  The  difference  between  the  phosphate 
values after 60 minute acid and after alkaline iodine hydrolysis therefore is taken to 
represent ATP.  The,result of the experiment is presented in Table IV, the values, in JOHN  ~r.  X~INER  361 
micrograms of phosphorus, being referred tothe original22ml,  suspension of yeast 
and galactose. 
During the first 60 minutes, inorganic P increases following which inorganic 
P is taken up as adaptation is completed and fermentation begins.  During the 
initial period, the phosphate of residual PPA apparently is transferred to ATP 
in the usual fashion, and is not regenerated.  Between 60 and 90 minutes, the 
regeneration of PPA begins, while at first the available ATP is all used (pre- 
sumably in the phosphorylation of galactose),  and then begins to be regene- 
rated as fermentation  proceeds.  The time relations here are consistent  with the 
results of the preceding sections of this paper in suggesting that adaptation is 
essentially complete  after 60  minutes. 
One similar experiment performed in the presence of fluoride also gave reason- 
able results.  The values for PPA and ATP are given in Table V. 
,Time 
o 
30 
6o 
9o 
12o 
Phos 
TABLE V 
~ha~e Changes during Fluoride InMbition 
Alkaline It labile P 
m~ro~rams 
286 
71 
297 
324 
473 
A'I~ P 
m~rogra~ 
83 
285 
159 
55 
0 
Here, after the initial transfer of P from PPA to ATP, the fluoride apparently 
inhibited the P transfer; PPA piled up, while ATP could not be regenerated. 
An alternative explanation would be that enolase was primarily affected, and 
that the iodine-labile P  after 60 minutes came chiefly from triose phosphate. 
Either hypothesis would be in agreement with our fluoride  expriments (9), 
from which it was inferred that fluoride acts chiefly by preventing the pro- 
duction of pyruvate rather than by preventing the essential adaptive steps. 
It is apparent that the formation of PPA is not the true limiting step of 
adaptation.  This was checked in another way by manometric experiments 
in which the effect of adding PPA was observed.  These experiments were 
like the ones on pyruvate addition, except that PPA (for the generous gift of 
which we wish to thank Dr. M. F. Utter) was added instead of pyruvate.  No 
effect on adaptation was observed compared with the control.  Supposing that 
diffusion  of PPA might be limiting, we tried again, with PPA added 80 minutes 
before galactose.  The adaptation time in this case was only shortened to 85 
minutes.  That PPA probably enters the cell was shown, however,  by the 
fact that its addition enables adaptation to occur in the presence  of fluoride. 362  METABOLIC INTERMEDIATES IN FERMENTATION" 
This occurred only after the normal 90 minutes, not early as when pyruvate 
was  added  with  fluoride.  Presumably  PPA  gradually  loses  its  phosphate 
group as inorganic P, without transfer to ATP. 
All these  experiments suggest  that  the adaptive step is concerned chiefly 
with the phosphorylation of galactose, and the conversion of the ester into one 
of the esters which participate in the normal Meyerhof scheme by means of an 
isomerase.  Whether  only the  galactokinase  or only the  phosphogalactoiso- 
TABLE VI 
Effect of A TP on Adapta~on 
Time 
mln. 
10-90 
90-160 
02, microlitres 
Per cent of control 
03, microlitres 
Per cent Of control 
Excess COs, microlitres 
Per cent of control 
Control  ATP 
495  523 
--  106 
762  769 
--  100 
192  270 
141 
Endogenous 
396 
104 
--5 
Endogenous 
plus ATP 
527 
133 
202 
194 
-8 
TABLE VII 
Effect of Creatine on Adaptation 
10-90 rain.  90-180 rain. 
OJ  O~  Fx~ss  CO~ 
mlcrolitres  per  cent  mlc:itres  l  pe~  ce~ 
control  control  con~ol 
•  mlcrolitres  per cent 
Control ........................  I  319  --  374  I  -- 
Creatine (added 0 rain.) ..........  287  99~2  334  89176]77 
Creafine (added 45 min.) ........  294  __  341  91  77  78 
merase is adaptive, or both, could not be inferred.  Experiments to clear up 
this point are under way. 
Spiegelman has found (3) that only a few strains of yeast are able to adapt 
under anaerobic  conditions.  With  these  strains,  he found  (private commu- 
nication)  that  the addition  of ATP stimulated  the process anaerobically. 
We investigated the effect of ATP on aerobic adaptation,  using a  concen- 
t.ration of 0.007 M, and found a marked stimulation.  We include in Table VI 
the effect of ATP on endogenous respiration, which is interesting in itself. 
The production of excess CO~ with ATP plus galactose began at 75 minutes, 
as against 90 minutes for the control. JOHN  M.  REINER  363 
This effect might be interpreted by supposing that ATP furnishes energy for 
the synthesis of the adaptive enzyme.  An attractive alternative possibility 
is that the phosphorylation of galactose is a limiting step in the fermentation, 
and possibly one of the adaptive steps as suggested by Kosterlitz (13). 
The supposition that galactose is both oxidized  and fermented by way of a 
phosphate ester is supported indirectly by a few interesting experiments whiCh 
were performed with  creatine.  A  solution of creatine was adjusted  to pH 
4.5,  and added to Warburg vessels with yeast and galactose in a  final con- 
centration  of 10  -~ x¢.  The results of one such experiment are summarized in 
Table VII. 
In another experiment, the excess CO2 was depressed to 66 and 65 per cent 
of the  control value.  The  inference  is not difficult that  creatine,  which is 
well known as a phosphate acceptor in muscle (14), is competing with galactose 
for phosphate from ATP, and so diminishing the rate of fermentation. 
TABLE VIII 
Effect of Yeast Products on Adaptation 
Supemsta~t time  Adsptation time 
35 
45 
9O 
180 
9O 
75-9O 
75 
45-6O 
Stimulating  Products  of Adaptation 
Another  type  of  experiment  was performed  in  an  attempt  to  determine 
whether the products of activity of the cells during and after adaptation would 
affect  the  rate  of  adaptation  of fresh  cells. 
The procedure followed was to incubate the usual quantities of yeast and 
galactose in Warburg vessels for varying periods of time.  The contents of 
the cups were removed at intervals, the cells centrifuged down, and a measured 
quantity  of  the  supernatant  (usually  1 ml.)  taken.  This  supernatant  was 
added to a  Warburg vessel containing fresh unadapted yeast and galactose, 
and the time required for the fresh yeast to adapt in the presence of the added 
supernatant was determined manometrically as usual.  The results are sum- 
marized in Table VIII.  The column headed "Supernatant time" designates 
the length of time that the first batch of yeast was incubated before removing 
the supernatant.  "Adaptation time" dates from addition of galactose to the 
fresh batch of yeast. 
The progressive shortening of apparent adaptation time at first suggested the 
production of an intermediate in increasing quantities, which the fresh batch of 364  METABOLIC  INTERMEDIATES  IN  FERMENTATION 
yeast, after its adaptive enzymes have been formed, can use to produce excess 
CO,.  However, a control permitted to ferment glucose for 180 minutes pro- 
duced no substances  which  stimulated  adaptation.  If an intermediate was 
involved, therefore, it must have been one which is not common to both glucose 
and  galactose metabolism, such as a phosphate ester of galactose.  No such 
compound could be detected when unpoisoned preparations were used (15), a 
not uncommon result with intermediates which are transformed as fast as they 
are produced. 
A more plausible alternative appeared with the recent report (16) of a nucleo- 
protein fraction extractable from adapted cells, which sharply increases  the 
adaptation  rate  of unadapted  cells in  the  presence of substrate.  It  is  not 
possible to infer with certainty from our present data whether the two stimu- 
lating effects are identical in origin.  The new findings, however, offer a more 
direct approach to the problem. 
SDMMARY 
Pyruvic acid, which is known to be an intermediate of glucose fermentation, 
was added to yeast during adaptation to galactose fermentation.  It was found 
to neutralize the inhibition by sodium fluoride, and to decrease the apparent 
time of adaptation from 90 to about 45 or 60 minutes.  In control experiments, 
it was shown that intact yeast is unable appreciably to ferment or decarboxy- 
late alone, although it oxidizes the compound readily. 
Experiments in which gafactose and pyruvate were added at various times 
and in different orders were used to eliminate the possible complications of the 
rates at which these compounds penetrate the cells.  Under these conditions, 
it was not possible to reduce the time of adaptation below 45 minutes.  It was 
concluded that the r61e of added pyruvate was to serve as a source of acetalde- 
hyde, which in turn could accept hydrogen and be reduced to alcohol.  Sub- 
stances, such as triose phosphate, which could serve as hydrogen donorswere 
not produced from galactose in appreciable quantities until 45 minutes had 
elapsed.  This  time was  therefore inferred to be  the  true adaptation  time, 
during which the first synthesis of adaptive enzymes occurred. 
Some determinations  of the  distribution  of phosphorylated intermediates 
at various stages during the adaptive process were carried out.  It was found 
that ATP, which usually serves to phosphorylate hexoses, accumulates during 
the preadaptive phase, diminishes rapidly after 60 minutes, and subsequently 
increases once more.  The source of the ATP phosphate appeared to be PPA 
or  triose phosphate  initially present in  the  ceils.  It was  inferred that  the 
adaptive enzyme was concerned with the phosphorylation of galactose and the 
conversion of the  phosphate  ester  to  a  glucose ester,  which  could then be 
fermented by  the  normal enzymes of the  cell. 
Added ATP was found to stimulate adaptation to a considerable extent, but 
did not shorten the time of adaptation below 75 minutes.  This seemed con- jomq M. gSLXU~R  365 
sistent with the r61e of ATP as a phosphate donor for galactose.  Creatine was 
found to inhibit adaptation to some degree, in agreement with its known ability 
to act as a competitive phosphate acceptor. 
It  was  demonstrated  that  yeast produces,  during  and  after adaptation, 
substances which shorten the apparent adaptation time of fresh samples of 
yeast.  In agreement with our other findings, it appeared that such substances 
were not formed before about 45 minutes.  They are probably not metabolic 
intermediates, and may be identical with the adaptive principle which can be 
extracted from adapted cells. 
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